In this issue of Molecular Cell, Su et al. (2017) describe the structure of the Rag/Ragulator complex, a key relay in nutrient sensing by mTOR. The structure sheds new light on how signals are conveyed from the lysosome to mTOR.
How organisms coordinate the availability of nutrients to cell, tissue, and organ growth is a fascinating question in biology and health. A key player in this process is the mTOR protein kinase, which regulates growth in animals in response to nutrients and nutrient-induced signals by controlling anabolic (building molecules) and catabolic (breaking down molecules) responses of the cells (reviewed in Sabatini, 2017) . Mirroring its central role in physiology and aging, mTOR is deregulated in common pathologies such as cancer, which therefore motivates therapeutic research to target it for improving health and lifespan. mTOR is regulated by complex molecular pathways that monitor nutrients, growth factors, and energy levels and tune its activity accordingly. A primary component of the mTOR regulatory system is the Rag GTPases, which carry a GTP-binding domain (G domain) that is related to the classical signaling small GTPases of the Ras family. Rags come in two flavors, RagA/RagB and RagC/ RagD, which form constitutive heterodimers through their C-terminal domains that have a conserved fold known as the roadblock domain. Rag heterodimers recruit mTOR to the lysosomal surface and activate it when amino acids are plentiful, or release it in an inactive state in the cytoplasm under starvation conditions. Rag GTPases implement a classical GDP/ GTP structural switch to modulate their affinities for mTOR, but they also have unique features that have remained poorly understood (reviewed in Brady et al., 2016) . Notably, signaling by Rag heterodimers is based on a mixed nucleotide status, in which RagA/B-GTP and RagC/D-GDP engage and activate mTOR, while the opposite nucleotide combination dissociates them from mTOR. In another departure from classical GTPases, Rag heterodimers use an atypical guanine nucleotide exchange factor (GEF), a pentameric complex known as Ragulator, for both their tethering to the lysosome surface and their activation by GDP/GTP exchange (Bar-Peled et al., 2012) . The structural mechanisms whereby the Ragulator recruits Rag heterodimers to the lysosome and activates the RagA/B subunit, leading to regulation of cell growth by mTOR, have remained unresolved issues.
Important insights about these questions are revealed by Su et al. (2017) in this issue and independently by de Araujo et al. (2017), who harnessed crystallography and complementary methods to determine how Ragulator binds the Rag heterodimer ( Figure 1 ). Both laboratories first determined the high-resolution crystal structure of Ragulator. Ragulator comprises four subunits that have a roadblock fold and associate in heterodimers (LAMTOR2/3 and LAMTOR 4/5) and a fifth subunit mostly unstructured on its own (LAMTOR1). The roadblock heterodimers are stacked with a small twist, forming a small interface that does not support stable association by itself. Remarkably, what holds the Ragulator core together is the fifth subunit, which wraps like a belt around the other subunits and connects them together. The studies next used distinct approaches to determine the structure of the Rag/Ragulator complex. In de Araujo et al., the crystal structure of the Ragulator was determined in complex with truncated RagA/RagC GTPases that contain only their C-terminal roadblock domain (de Araujo et al., 2017). These domains form a heterodimer that stacks onto the Ragulator core with another small twist, and this interaction is reinforced by the N and C termini of the LAMTOR1 subunit. The crystal structure of an integral Rag heterodimer from yeast (called Gtr1/Gtr2; Jeong et al., 2012) superposes beautifully to this complex, suggesting an intriguing model in which the G domains of the Rag heterodimer make no direct contact with the Ragulator core. Su et al. expand this finding to the integral Rag/Ragulator complex by combining hydrogen-deuterium exchange mass spectrometry (HDX-MS) and negative-staining electron microscopy with the crystal structure of unbound Ragulator (Su et al., 2017) .
Together, these structural studies provide a cross-validated model of the architecture of the Rag/Ragulator complex, which explains how Ragulator tethers the Rag heterodimer to the lysosome in a manner that exposes the nucleotidesensitive regions of its G domains for interaction with mTOR. They also raise intriguing new questions about the Ragulator's GEF activity that follow from the observation that it does not make direct contacts with the G domains. Specifically, what is the allosteric mechanism that enables the Ragulator to communicate with the G domain of Rag GTPases at a distance? And what in the architecture of the Ragulator makes it susceptible to conversion into a GEF for the Rag GTPases in response to lysosomal signals? The structures determined in these two studies allow speculation on some possibilities.
Although dimers of roadblock domains are found in a number of regulators of Ras-related GTPases (reviewed in Levine et al., 2013) , none of those with a known structure interacts with its GTPase substrate in a manner resembling that seen in the Ragulator/ Rag complex. However, allosteric effects propagated from opposite the GTP-binding sites, leading to stimulation of GDP/GTP exchange, are not unprecedented in the GTPase kingdom. The best characterized cases are the activation of heterotrimeric G proteins by membrane-resident G protein-coupled receptors, and the cooperation of membranes and GEFs in the activation of Arf GTPases. A common feature in both systems is the reorganization of the hydrogen bond pattern at strand b1, a structural element that connects the GTP-binding site to the back of the G domain. For example, conspicuous perturbation of strand b1 induced by the b2 adrenergic receptor was monitored by HDX-MS in the G protein Gs (Chung et al., 2011) . Similarly, strand b1 in Arf GTPases experiences a two-residue register shift with neighboring b strands (the so-called switch 1 and interswitch regions) induced by cooperative action of the GEF and the membrane (Renault et al., 2003) . Switch 1 and interswitch in Gtr2, a yeast Rag ortholog, were shown by crystallography to undergo a large conformational change upon GDP/GTP exchange, resulting in a register change at strand b1 reminiscent of that seen in Arf GTPases (Jeong et al., 2012; Gong et al., 2011) . Remarkably, this rearrangement couples remodeling of the nucleotide-binding site to perturbation of the interface between the G domain and the roadblock domain. The switch and interswitch elements are thus well positioned to constitute the allo-steric device whereby the nucleotidebinding site of Rag GTPases communicates with their roadblock domain and beyond-and vice versa.
How could the Ragulator contribute as a GEF in this schema? A striking feature of the pentameric complex is the structure of the LAMTOR1 subunit, which maintains the cohesion of the otherwise loosely packed Ragulator core by an alternation of stretched helices and loops. It is tempting to speculate that this arrangement has the potential to operate as the ''strings of a marionette'' in response to interactions with components of the lysosome, such as to pull on the stacked roadblock heterodimers and modify their respective orientations. Such rearrange-ments could eventually be propagated to the nucleotide-binding site through the allosteric device in the G domain, leading to nucleotide exchange. Future investigations using hybrid structural biology techniques are now needed to determine the full modalities of the allosteric activation of Rags by Ragulator, but the structures reported in Su et al. (2017) and de Araujo et al. (2017) already provide a robust framework to tackle this remaining mystery.
Figure 1. A Composite Model of the Rag/Ragulator Heptamer
The structure of the Ragulator is from the Ragulator/Rag complex (PDB: 6EHR). The roadblock subunits (LAMTOR 2-5) are essentially identical in this structure and in unbound LAMTOR structures (PDB: 6EHP and 5LLD). Rag GTPases are from the yeast Gtr1-GDP/Gtr2-GTP complex (PDB: 4ARZ) and were superposed individually to the roadblock domains of RagA and RagC from the Rag/Ragulator complex. The switch 1/interswitch region in the GTPase domain of Rag GTPases is shown, which could constitute the allosteric device whereby the Ragulator acts on the GTP-binding site at a distance.
